A new physical simulation method for evaluating the effect of shear deformation on the evolution of a microstructure is proposed. This method utilizes a high-speed compression testing machine and is capable of simulating the formation of fine grained steels in the transformation route. The outline of the proposed method, which is based on shearing and named the 'interrupt shearing test', is presented. The result of the preliminary application of the newly proposed test at an elevated temperature is shown. It becomes clear that the large shear deformation reproduced by the proposed method is capable of producing fine grained steels with a grain size of around 2 µm surrounded by high angle grain boundaries (HAGBs), although controlled cooling immediately after plastic deformation to accelerate transformation into finer grains is not applied in the present test.
Introduction
There are strong social demands on lightweight constructions, such as lightweight vehicles and efficient heat exchangers, to realize the efficient use of energy. Highstrength structural metals with high specific tensile strengths are indispensable for realizing the above lightweight constructions, and the future environmentally conscious society necessitates these metals with fewer alloying elements. One promising method that meets the above social demands is the use of a metal with an ultrafine grained structure, such as a bulk nanostructured metal. Such a metal should have sufficient elongation as well as sufficient weldability, because it will be part of a lightweight construction after metal forming, such as sheet metal forming, and cold forging and welding.
A marked number of investigations on the formation of a bulk nanostructured metal by using a severe plastic deformation (SPD) process have been performed, 15) and most of them use nonferrous alloys with diversified chemical compositions and various alloying elements. At the same time, steel still occupies the largest share as a structure metal, and this situation will continue for the time being. In fact, aiming at producing ultrafine grained steels, several investigations on the SPD of steel have been performed over the past decade.
68) There are two process routes that produce ultrafine grained ferritic steels, namely, ferrite recrystallization and transformation routes, as is shown in Fig. 1 . 9) As for the first recrystallization route, warm shape rolling and other SPD processes are utilized, and ultrafine grained steels with a grain size of 1 µm are successfully generated.
1013) A smaller number of investigations are performed for the transformation route, but a high-speed controlled rolling or multistage compression process is used to generate ultrafine grained plain carbon steels with a grain size of around 1 µm.
1416) The first route is promising for obtaining finer grains because the grain growth rate is lower at a lower temperature, but, as is usual in high strength metals, ultrafine grains that include many dislocations may deteriorate formability. Grain refinement thorough accelerated transformation from deformed austenite is promising for the formation of fine-grained steels. 17) However, the formation of ultrafine grains by the transformation route is more difficult owing to the larger driving force for the change in microstructure in the austenite state at an elevated temperature. Thus, rather few investigations are performed to generate nanostructured steels by the SPD process in the transformation route. 11, 18) To determine the process conditions for the formation of nanostructured steels in the transformation route, detailed investigations by physical simulation and numerical analysis will be required.
At present, hot compression test is widely used to reproduce the evolution of microstructure in hot forming process. Compressive deformation is the accumulation of shear deformation in a macroscopic viewpoint as is explained by G. I. Taylor 19) and, furthermore, the effect of shear deformation on grain refinement is attracting more attention but is not still sufficiently clarified. Torsion test is capable of validating the effect of shear deformation to microstructure evolution, but requires a special testing machine and strain rate is limited. 20) A new physical simulation method for evaluating the effect of shear deformation on the evolution of a microstructure is proposed. This method utilizes a highspeed compression testing machine and is capable of simulating the formation of fine grained steels in the transformation route. As the proposed test utilizes the highspeed compression testing machine, controlled shear deformation with high strain rate can be easily imposed on the specimen. The outline of the proposed method, which is based on shearing and named the 'interrupt shearing test', is presented in this paper. The result of the preliminary application of the newly proposed test at an elevated temperature reveals that a large shear deformation results in fine grained steels with a grain size of around 2 µm surrounded by high-angle grain boundaries (HAGBs) whose misorientation angle exceeds 15 degree, even under air cooling conditions after plastic deformation.
Experimental Procedure

Construction of interrupt shearing test
The high-speed hot forming simulator 14) used in the physical simulation is shown in Fig. 2 . This equipment is capable of simulating high-speed multistage deformations, such as tandem hot strip rolling, with the highest ram speed of 4000 mm·s ¹1 and the minimum interpass time of 0.3 s. If the specimen height is 12 mm, which is the standard size of the specimen for compression by the hot forming simulator, the maximum strain rate exceeds 300 s ¹1 , which covers the deformation rate range in high-speed tandem hot strip rolling. The controlling system for temperature is also shown in Fig. 2 . By comparing the target temperature history and the actual one measured by a thermocouple welded to a controlling point of the steel sheet, and controlling the electric current of the induction heating unit by the PID algorithm, the temperature of the controlling point of the steel sheet, where the thermocouple is welded, is expected to follow the target temperature history.
Aiming at imposing a large amount of shear deformation on a steel sheet, the new physical simulation method, that is, the interrupt shearing test, has been developed on the basis of a shearing process, by which a large amount of shear deformation can be imposed on the steel specimen, as is shown in Fig. 3 . To realize the shear deformation inside the hot forming simulator shown in Fig. 3 , an experimental setup of the punch and die is newly designed and installed in the experimental chamber of the hot forming simulator, as is shown in Fig. 4 . This method is based on shearing, but deformation is terminated before breaking the steel. By interrupting shear deformation with the predetermined stroke of the punch and the gap between the punch and the die, the target shear deformation is applied, and shear bands and dislocations could be introduced into the metal as steel sheets at an elevated temperature. The subsequent controlled cooling is expected to realize the accelerated transformation into fine grained ferrite-pearlite structures because of the elevated driving force of transformation and increases in the numbers of nucleation sites and their activities for transformation.
Experimental conditions
The interrupt shearing test in a hole section is conducted in this investigation. As is shown in Fig. 4 , the punch diameter is 8 mm and the die hole diameter is 9 mm. Thus, the gap between the die and the punch ¦c in Fig. 3 , which is a representative parameter in the interrupt shearing test, is 0.5 mm. The sheet thickness h and final punch stroke ¦h are 3 mm and 2 mm, respectively; thus, the nominal shear strain £, defined by,
under these physical simulation conditions is 4, which is in the severe plastic deformation (SPD) range. The sheet length and width are 18 mm and 50 mm, respectively. The temperature history of a controlling point and stroke diagram , that corresponds to nominal shear strain rate of 2 s ¹1 , is chosen as standard condition of this experiments. The controlling point of temperature within specimen will be explained in the followings in detail. A Nb microalloyed steel (0.16%C1.41%Mn0.030%Nb) is used in the experiment aiming at utilizing the pinning effect to obtain austenite with a high accumulated dislocation density before transformation. The Ae3 temperature of this steel is about 820°C.
One of the key issues of this physical simulation is where to locate a controlling point of the temperature history. The most desirable point is where a large shear deformation occurs, as is shown in Fig. 3 . However, as this zone exhibits a severe shear deformation between the die and the punch, it is impossible to ensure the reproducibility of temperature data because of the difficulties in welding and keeping a thermocouple there and drawing out an electric wire without breakage. Thus, two points are selected to determine the best place to locate a controlling point, as is shown in Fig. 6 . Point A is the edge of the length of the steel sheet, which is the easiest point to measure temperature, but is far from the shear deformation zone. After validating the temperature data from controlling point A, point B is tested to determine whether this point could be used as a controlling point of temperature in a hot forming simulator.
Experimental Results
Measurement of temperature distribution
Point A in Fig. 6 is selected as a controlling point of temperature, and the interrupt shearing test is conducted. The temperature of point A during the interrupt shearing test is 800°C. The initial microstructure of the shear deformation zone and its microstructure after the interrupt shearing test are compared in Figs. 7 and 8 . Here, as is shown in Fig. 7 , the width of severe shear deformation zone is 0.18 mm, which is about 6% of the initial thickness of specimen. Nital etching is used to expose the grain boundary. In this figure, a severely elongated structure that proves the occurrence of the severe shear deformation could be seen; however, no trace of transformation could be observed in this region. As the controlling temperature of controlling point A is 800°C, it is easy to infer that no inverse transformation into austenite grains occurs in the shear deformation zone. In fact, the measured temperature of point C in Fig. 6 , which is located only on the opposite side of the sheet from the punch, is about 60°C lower than that of point A. From this measurement, at least, the temperature of controlling point A should be the Ae3 temperature plus 60°C to obtain an austenite microstructure in a shear deformation zone. 3.2 Fine grained structures after hot interrupt shearing test From the above measurements, it was clarified that the temperature of a controlling point should exceed 820°C plus 60°C. Thus, the target temperature is selected as 900°C and the temperature of point B, which is closer to the shear deformation zone, is selected as a controlling point. The macroscopic view of the steel sheet after the interrupt shearing test is shown in Fig. 9 . The boundary misorientation map of the shear deformation zone and that of an adjacent zone with a small plastic deformation are compared in Fig. 10 . Scope of field in EBSD (electron backscatter diffraction) analysis is 200 µm © 200 µm and step size is 0.5 µm. IPF in Fig. 11 shows that typical transformed microstructure with random orientation is obtained after interrupt shearing test. It is clear that shear deformation promotes grain refinement, and grains are equiaxed during transformation. Also, these boundary misorientation maps show that almost all grain boundaries are high-angle ones. The linear intercept measurement of the structure shows that the grain size of the shear deformation zone lies between 1.8 µm and 2.7 µm. As is shown in Fig. 5 , a fine grained microstructure composed of HAGBs is obtained, even though no accelerated cooling is applied to the steel sheet after the interrupt shearing test. This result may indicate that a steel structure with several hundred nanometer ferrite-pearlitebainite grains could be obtained after the optimization of the cooling conditions immediately after shear deformation, which is reproduced by the newly developed physical simulation method. This is a challenging target for the steel sheets, and, in order to reach this goal, we should seek the best combination of process parameters, such as plastic deformation and transient change in temperature, 21, 22) that could be obtained by the physical simulation method proposed in this paper.
Conclusion
A new physical simulation method for evaluating the effect of shear deformation on the formation of a nanostructured metal is proposed in this paper. As the proposed method utilizes a high-speed hot forming simulator, microstructure evolution at an elevated temperature could be quantitatively examined, including the grain refinement of steels into fine grained ones via transformation. The preliminary application of the proposed method to niobium steel shows that a microstructure with an average grain size of 2 µm and HAGBs is generated in the shear deformation zone, even 
